The following several lines of evidence demonstrate that lactose permease (LacY) (2, 10, 16) . On the other hand, some high-GC gram-positive bacteria seem to be less specific than B. subtilis in this respect. For example, Corynebacterium glutamicum ("Brevibacterium lactofermentum"), a gram-positive host with a high GC content (15), readily utilizes certain E. coli promoters (17). The expression of membrane proteins of gram-negative origin in gram-positive organisms has not been investigated at all to date. This scenario is even more complex than that with soluble proteins because, besides efficient transcription and translation, the heterologous polypeptide must also be targeted to the membrane of the host cell and assume correct overall folding and orientation of the transmembrane segments.
The expression of genes of gram-negative origin in grampositive hosts, e.g., Bacillus subtilis, is normally extremely poor. Problems may arise at the transcriptional or the translational level. For B. subtilis, more stringent requirements for transcription and translation initiation than those found in Escherichia coli have been proposed to be the major cause (2, 10, 16) . On the other hand, some high-GC gram-positive bacteria seem to be less specific than B. subtilis in this respect. For example, Corynebacterium glutamicum ("Brevibacterium lactofermentum"), a gram-positive host with a high GC content (15) , readily utilizes certain E. coli promoters (17) . The expression of membrane proteins of gram-negative origin in gram-positive organisms has not been investigated at all to date. This scenario is even more complex than that with soluble proteins because, besides efficient transcription and translation, the heterologous polypeptide must also be targeted to the membrane of the host cell and assume correct overall folding and orientation of the transmembrane segments.
We have previously (4) found that the introduction of the E. coli lac operon into C. glutamicum conferred the ability to utilize lactose upon the recombinant organism. The presence of lacY in addition to lacZ was an absolute prerequisite for growth on lactose, whereas expression of lacZ alone was not sufficient. This work has provided genetic and phenotypic evidence for the functional expression of the lactose carrier (LacY) in C. glutamicum. We now show that LacY, an integral membrane protein with 12 hydrophobic membrane-spanning segments, is indeed integrated into the cytoplasmic membrane of C. glutamicum, and we provide biochemical evidence demonstrating that it catalyzes the active transport of P-galactosides in this heterologous membrane environment. The two C. glutamicum strains used in this study were R163(pECLlx) and R163(pECL3x), which bear recombinant plasmids with the entire E. coli lac operon (pECL1x) or only the lacZ gene (pECL3x) under control of a mutant lac promoter which works efficiently in C. glutamicum (4) .
Localization and integrity of the E. coli lac gene products expressed in C. glutamicum. The cellular localization of the lacZ and lacY gene products expressed in C. glutamicum R163 was investigated. For this purpose, recombinant C. glutamicum * Corresponding author. R163 cells were disrupted by a twofold passage through a French pressure cell at 6.9 MPa at 40C in the presence of DNase I, phenylmethylsulfonyl fluoride, MgSO4, and dithiothreitol at final concentrations of 45 jig/ml, 150 ,uM, 7.5 mM, and 1.5 mM, respectively. The crude extract was freed of debris (two times, 20 min, 9,000 x g, 4°C) and fractionated by high-speed centrifugation (two times, 2 h, 105,000 x g, 20C).
The success of the fractionation procedure was verified by measuring the activities of the marker enzymes L-glutamate dehydrogenase and succinate dehydrogenase as described by others (3, 12) (data not shown). More than 95% of the P-galactosidase activity was found to be located in the cytoplasmic fraction of the lacZ-bearing strains, as expected. Additionally, immunoblot experiments demonstrated the cytoplasmic and membrane localization of ,-galactosidase and lactose permease, respectively, in C. glutamicum R163 (pECLlx) and showed that the mobilities in sodium dodecyl sulfate-polyacrylamide gel electrophoresis of both proteins when expressed in this host were the same as when produced by E. coli (not shown).
LacY-dependent hydrolysis of ONPG by whole cells of recombinant C. glutamicum strains. An indirect assay method for the determination of LacY activity with intact cells poisoned with sodium azide, originally developed for E. coli (8, 14) , was used. Intact cells of C. glutamicum R163(pECLlx) took up o-nitrophenyl-p-D-galactopyranoside (ONPG) and hydrolyzed the substrate via intracellular ,-galactosidase activity (not shown). Two lines of evidence prove that ONPG uptake was mediated by LacY in this strain. First, cells of C. glutamicum R163(pECL3x), which lack the lacY gene but have a level of cellular ,B-galactosidase activity similar to that of C. glutamicum R163(pECL1x) (about 3 U mg of protein-lin crude cell extracts), hydrolyzed ONPG only at about 15% of the extent found with C. glutamicum R163(pECLlx) cells. Second, by addition of N-ethylmaleimide (NEM), which is well known as an inhibitor of lactose permease activity in similar assays performed on E. coli cells (8) After maximum accumulation, the values measured remained constant for more than 300 s, demonstrating that there was no extrusion of label from the cells and therefore probably no deenergization of the membrane. After prolonged incubation of loaded cells, however, a loss of label from the cells did eventually occur (not shown).
[14C]TMG uptake was almost completely prevented in the presence of 10 p,M carbonyl cyanide m-chlorophenylhydrazone (CCCP; Fig. 2) . Also, the addition of 10 ,uM CCCP to cells preloaded with [14C]TMG resulted in the rapid effiux of the label from the cells (Fig. 2) . These (Fig. 3) . It minute after [14C]TMG addition (0.5 to 56 Ci mol -) and injected into an HgCl2 solution (final HgCl2 concentration, 20 mM) containing nonlabeled TMG at a concentration equimolar to the initial substrate concentration. After all aliquots were taken, the standard silicon oil centrifugation technique was applied to the samples. Control experiments showed that, under these experimental conditions, the efflux of [14C]TMG from preloaded cells was very low for more than 10 min after poisoning with HgCl2 (data not shown; see Fig. 4 ). By using this rapid method, samples could be drawn every 8 s (Fig. 3A) .
The uptake measured in the range of 0.1 to 8 mM ["4C]TMG was typically Michaelis-Menten-like. The kinetic parameters were determined from an Eadie-Hofstee plot of the data (Fig.  3B) . The apparent Km was 930 ,uM, and the Vm was 43 nmol mg (dry weight) of cells-1 min-'. However, it is difficult to compare the apparent substrate affinities and maximum uptake velocities measured for LacY expressed in C. glutamicum with the corresponding values determined for E. coli by others (1) because the cell walls (which may have influence on the uptake process) of these two organisms are completely different. In contrast to E. coli, C. glutamicum does not possess an outer membrane but has a mycolic acid layer as a part of its cell wall, which is absent in E. coli.
Finally, the effects of CCCP and HgCl2 on [14C]TMG uptake were studied in more detail (Fig. 4) . Twenty-millimolar HgCl2 not only caused an immediate stop of [14C]TMG uptake by C. glutamicum R163(pECLlx) cells (see above; Fig. 4A ), it also effectively blocked the CCCP-induced extrusion of the labeled substrate from preloaded cells (Fig. 4B) . Obviously, HgCl2 in both experiments reacted with the same thiol groups necessary for specific 3-galactoside uptake, and consequently, the substrate efflux observed upon CCCP addition in the absence of HgCl2 (Fig. 2 and 4B) [9] ), and it is known that the chemistry of bilayer lipids can drastically affect the activity of membrane enzymes (5) . As for the case discussed in this study, the C. glutamicum membrane contains no phosphatidylethanolamine (11) , while this is the main phospholipid in the natural lipid environment of LacY in E. coli (6) . However, these differences do not seem to be of major importance for correct membrane assembly or function of the E. coli lactose carrier. Finally, we believe that the expression of genes encoding integral membrane proteins in heterologous hosts may prove to be a valuable tool for studying the behavior of membrane proteins in different lipid surroundings and for constructing recombinant strains with new uptake or export capabilities.
